ABSTRACT Electrical annealing (EA) is one of the post treatments to enhance the electrical performances of organic devices. To date, the improvements using EA have only been reported for the solution-processed devices because its mechanism has been known as the alignments of ionic impurities or polymer chains. In this paper, we applied EA to thermally evaporated organic diodes which not have ionic impurities or polymer chains. After EA, the turn-on voltage of the diode was reduced, and the forward-bias current of the diode was increased without changing the reverse-bias current, resulting in an improvement of the cutoff frequency of the rectifier. In addition, we proposed a new mechanism to explain why the EA can be applied to the thermally evaporated organic devices. Based on time-of-flight secondary ion mass spectrometry and impedance spectra, we suggest that this improvement is due to the creation of a MoO 3 :pentacene mixed layer, leading to ease of charge injection. We believe that our finding will be helpful to understand change at the organic/metal interfaces and useful to apply a wide range of organic devices such as organic photovoltaics, organic light-emitting diodes, and organic thin-film transistors.
I. INTRODUCTION
Recently, organic electronics have been extensively studied for applications in low-cost integrated circuits [1] - [3] . In particular, the technology of a low-cost radio frequency identification (RFID) tag is expected to connect all objects, facilitating internet of things (IoT) and their applications [4] . One of the key elements in RFID tags is a rectifier, which supplies DC power to circuits by converting the radio frequency signal into a DC power source. Papers have successfully demonstrated organic rectifiers operated at 13.56 MHz, which is the current standard frequency of high-frequency RFID (HF-RFID) tags [5] , [6] . However, several problems such as low operation voltage, high power consumption, low power efficiency, and heat dissipation remain owing to the low-performance of organic diodes. To overcome these
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problems, the performance of organic diodes needs to be improved.
In terms of frequency performance, one of the important issues for creating a high performance diode is to improve the charge injection efficiency. For a p-type semiconductor, although the work function of the anode and the highest occupied molecular orbital (HOMO) of an organic layer are matched for ohmic contact, an interface dipole is formed at the metal/organic interface, limiting charge injection by forming a hole injection barrier [7] , [8] . To reduce this barrier, several materials have been inserted at the metal/organic interface such as a conducting polymer, [9] p-doped layer, [10] metal oxide, [11] and self-assembled monolayer [12] . In 2000, Lee and Park introduced another method to enhance charge injection called electrical annealing (EA), which improves device performance by applying a voltage for a certain amount of time after device fabrication [13] . The charge injection of polymer light-emitting diodes (PLEDs) is remarkably increased because ionic impurities in the polymer film can be oriented along the direction of the electric field [13] . Since then, EA has been applied to solution-processed organic diodes such as PLEDs, [14] organic photovoltaics (OPVs), [15] - [18] organic light-emitting diodes (OLEDs) with conjugated dendrimers, [19] organic salts, [20] and conducting polymer electrodes [21] . Researchers have suggested that ionic impurities in the organic layer migrate toward the electrodes owing to the electric field, leading to a reduction in the turn-on voltage. Thus, EA has been only applied to the solution-processed devices that contain ionic species in the film such as PLEDs and polymer photovoltaic devices, and not to thermal-deposited devices and high purity films, which cannot contain ionic impurities in the organic layer. Moreover, the mechanism of EA is not yet completely understood. Here, we applied EA to a pentacene diode with molybdenum trioxide (MoO 3 ) as a hole injection layer (HIL), where all layers were fabricated by thermal evaporation. The results revealed that the forward-bias current density of the pentacene diode increased dramatically without an increase of the reverse-bias leakage current after EA, leading to improvement of the frequency performance of the rectifier based on the pentacene diode. We measured the depth profiling and impedance spectra of the pentacene diodes to investigate a mechanism of improved performance by EA. From these analyses, we suggest the mechanism of EA based on the thermally deposited pentacene diodes.
II. EXPERIMENTAL METHODS

A. DEVICE FABRICATION METHODS
The pentacene rectifier was composed of a pentacene diode, a 100-nF load capacitor, and a 1-M load resistor. The pentacene diode was fabricated using the following processes. First, glass substrates were cleaned in an ultrasonic bath containing isopropyl alcohol, acetone, methanol, and deionized water for 10 minutes before being dried at 120 • C in an oven. Then, Au (50 nm), MoO 3 (5 nm), pentacene (90 nm), and Al (80 nm) were thermally evaporated successively on the substrates under high vacuum conditions (approximately 5 × 10 −6 torr). The pentacene was purchased from the Tokyo Chemical Industry Company, Ltd. and the evaporation rate of which was approximately 3 Å/s. Finally, the samples were encapsulated in an Ar-filled glove box before measurement. Top and bottom electrodes were formed with a crossbar geometry with 80 µm × 80 µm areas. After device fabrication, the constant voltages were applied to the pentacene diodes until the currents were saturated. The electrical annealing times at 4 V, 5 V, and 6 V were 600 s, 332 s, and 177 s, respectively. We could not measure electrical annealing times at 6.5 V and 7 V because the currents were instantly increased and then decreased in a few second due to deterioration of the device.
B. FREQUENCY MEASUREMENT SETUP
The equivalent circuit of the pentacene rectifier measurement setup is shown in Fig. 1 . The anode and cathode of the pentacene diode were connected to the 50 -designed microstrip lines and the 100-nF surface mount capacitor placed on the printed circuit board (PCB). Then, the signal generator (HP8657B) with the power amplifier (Empower RF Systems Inc. BBM1C4AEL) was connected to the input of the rectifier. Because the signal generator output was decoupled by the internal capacitor, the 3-dB attenuator (4778-3, Narda) was placed between the power amplifier and the input of the PCB in order to define voltage. The oscilloscope (Tektronix TDS5104) with the 1-M resistor was connected to the output of the rectifier using Bayonet Neill-Concelman (BNC) cables and SubMiniature version A (SMA) connectors.
C. DEVICE CHARACTERIZATION METHODS
The current-voltage (I −−V ) characteristics of the pentacene diodes were measured by the source measure unit (Keithley 236). The depth profiling of the diode was measured by the time-of-flight secondary ion mass spectrometry (ToF-SIMS) (IONTOF TOF.SIMS 5) with analysis area of 40 µm × 40 µm under ultra-high vacuum conditions. The O 2 ion gun was used to obtain positive secondary ion profiles. The impedance spectra were obtained by the impedance analyzer (Wayne Kerr Electronics 6550B). Fig. 2(a) shows the I -V characteristics of the pentacene diodes after EA with various annealing voltages. Before EA, the turn-on voltage of the pentacene diode was 1.25 ± 0.06 V. However, during the EA, the turn-on voltage of the diode was gradually reduced and finally saturated as shown in Fig. 2 change of the reverse-bias current, resulting in the improved rectification ratio from 6.46 × 10 3 ± 3.16 × 10 3 to 4.42 × 10 4 ± 1.77 × 10 4 at 3 V, as shown in Fig. 2 (d) and 2(e). In the low voltage region, the current can present exponential behavior due to the presence of the injection barrier, [22] but the I -V exhibited a linear relationship rather than exponential. Since the current level is similar between positive and negative bias in the low voltage region, this would be due to the lateral leakage; the exponential behavior may be screened out due to a high amount of lateral leakage current. Even though the exponential behavior was not shown in the low voltage region, existence of turn-on voltage implies the presence of energy barrier at Au-MoO 3 /pentacene; thus, the reduced turn-on voltage implies the reduced energy barrier. The current density of the pentacene diode without a MoO 3 layer does not increased even after EA (not shown), indicating that these improvements can be attributed to a change of the Au/MoO 3 /pentacene interface. The diode with a thick MoO 3 layer also showed current improvement after EA but the amount of improvement was lower than that with a thin layer (not shown). In-depth study is in progress to verify the EA effect on the MoO 3 thickness. When the applied voltage is higher than 6.5 V, the reverse-bias current increases, and finally, the device breaks down. It implies that a large amount of electric field and Joule heat cause deterioration of the device [23] , [24] . Therefore, a proper applied power is carefully selected to maximize the EA effect.
III. RESULTS
When the voltages were applied to the pentacene diodes, the forward-bias currents were continuously increased and saturated as shown in Fig. 3(a) . It is difficult to extract exact saturation time due to the limitation of the measurement accuracy and noise. To compare the time regarding to saturation between each annealing voltage, the saturating exponential model, depicted in the solid lines of Fig. 3(a) , is employed, which can be expressed as
where I sat is the saturation current, I 0 is the current constant, and τ is the characteristic time of saturation. The extracted I sat , I 0 , and τ using (1) are presented in Fig. 3(b) . EA process, calculated by integrating the applied power over time, is 0.927, 0.397, and 0.297 J for the diode subjected to EA at 4, 5 and 6 V, respectively. If Joule heat is the dominant factor of EA, improvement of the device performance should depend on the total heat. However, the device performance improvement observed in Fig. 2(a) increases as the applied voltage increases, while the total Joule heat decreases as the applied voltage increases, indicating that there is no significant correlation between heat and device improvement. Moreover, improvement of current or reduction of turn-on voltage is hardly observed by using thermal annealing only shown in Fig. 4 . Higher annealing temperature (e.g., 300 • C) may increase the device performance but pentacene cannot endure such a high temperature [25] . Therefore, the device improvement by EA is affected more significantly by the electric field rather than by heat. The frequency characteristics of the pentacene rectifiers after a 10-V sinusoidal voltage was applied to the diodes are presented in Fig. 5 . To avoid ripple voltage, the capacitance of the diode should be much smaller than the load capacitance, and the load resistance times the load capacitance should be much larger than the period of the input voltage [26] , [27] . The capacitance of the pentacene diode was measured to be 6.5 pF and load resistance and capacitance were 1 M and 100 nF, respectively, satisfying the above conditions. After EA, the output voltage of the rectifier increased from 3.70 V to 6.66 V at 14 MHz without ripple voltage as depicts in the inset of Fig. 5 . In addition, the output voltage tends to decrease slowly as the frequency increases after EA. As the frequency increases, additional leakage current caused by the diode capacitance discharges the accumulated charge in the load capacitor, decreasing the output voltage. If the diode is considered to be a single RC model, the cutoff frequency (f c ) can be obtained by fitting the following equation to the experimental data:
where V out is the output voltage, V 0 is the voltage constant, and f is the frequency. The f c of the rectifier increases from 1.05 × 10 7 to 8.57 × 10 7 Hz after EA. Because the forward bias current of the diode is increased by EA, more charges are accumulated in the load capacitor during the charging period such that these additional accumulated charges compensate for the leakage current, which can improve the frequency performance. For further study, the depth profiling of the pentacene diodes before and after EA was investigated using the ToF-SIMS, as illustrated in Fig. 6 . The Au, Mo, C, and Al in Fig. 6 are markers of Au, MoO 3 , pentacene, and Al, respectively. The vertical distribution of pentacene and Au is similar before and after EA. However, the distribution of the Mo species is broader toward the pentacene region after EA, indicating that MoO 3 diffuses into the pentacene layer. These results suggest that a MoO 3 :pentacene mixed layer is created at the VOLUME 7, 2019 Au/MoO 3 /pentacene interfaces. As MoO 3 has widely been used as a p-dopant material, [28] , [29] the MoO 3 :pentacene mixed layer increases the carrier concentration at the interface, providing more efficient charge injection. Al is also detected in a deeper region after EA, implying that Al also penetrates into the pentacene layer. The thermal-deposited pentacene forms a polycrystalline film such that the pentacene/top electrode interface cannot exhibit a flat surface. Therefore, the Al deposited on top of the polycrystalline pentacene film may form some spikes at the grain boundary of pentacene. These spikes induce a higher electric field such that Al in this region may easily penetrate into the pentacene films.
The impedance spectra of the pentacene diodes before and after EA were measured to analyze the interface and bulk characteristics of the diodes. The impedances of the pentacene diodes ranged from 20 Hz to 50 MHz. Fig. 7 presents the Cole-Cole plots for the pentacene diodes before EA at a forward bias of 3.0 V and after EA at the forward bias of 1.4 V. Because the current of the pentacene diode increases after EA, the voltages at similar current regions were selected for comparison. The shape of the Cole-Cole plot for the pentacene diode before EA appears to consist of two distinguishable semicircles. However, the shape of the Cole-Cole plot for the pentacene diode after EA reveals the overlapped semicircles with a linear line in the low-frequency region.
As illustrated in the inset of Fig. 7(a) , the diode before EA can be modeled with an equivalent circuit consisting of one series resistance and three different resistor-capacitor (RC) components, which correspond to (i) the Au/MoO 3 /pentacene interface, (ii) the pentacene bulk layer, and (iii) the pentacene/Al Schottky junction. Although the two distinguished circles of the Cole-Cole plot can be assigned as two RC components, the adjacent interface between the two circles is not clearly separated, which implies the possibility of a small circle between the two circles. In addition, the fitting line using three RC components yields better accuracy than the two RC components. Thus, we assigned the Au/MoO 3 /pentacene interface to one RC component. Presence of the turn-on voltage in the I -V characteristics corroborates the assignment although that interface has small a potential energy barrier [30] . The extracted parameter values, obtained by using an iteration tool, are summarized in Table 1 . First, the pentacene bulk layer is thicker than the others, resulting in the smallest capacitance; thus, the R2-C2 component corresponds to the pentacene bulk layer. Second, the Schottky junction forms a depletion region, leading to a large resistance and the highest RC constant; thus, the R3-C3 component corresponds to the pentacene/Al Schottky junction. Finally, the resistance at the Au/MoO 3 /pentacene interface is small owing to the small energy barrier; thus, the R1-C1 component corresponds to the Au/MoO 3 /pentacene layer. These assignments are consistent with a previous report [30] .
After EA, the shape of the Cole-Cole plot for the pentacene diode is significantly changed. The fitting line of the three-RC model, represented by the blue line of Fig. 7(b) , cannot match well with experimental data. In addition, a linear shape appears at the low frequency region, which cannot be fitted using RC components. To solve this problem, two-RC components with the Warburg open element is used, as illustrated in the inset of Fig. 7(b) . The impedance of the Warburg open element can be expressed by
where the j 2 = −1, ω is the angular frequency, and A and B are frequency independent parameters. The fitting line of the two-RC with Warburg model, represented by the red line of Fig. 7(b) , fit well with the experimental data. In addition, when we fitted a three-RC with Warburg model, one RC component exhibited a large error (> 30 %), indicating that the two-RC model is more reliable than the three-RC model. The extracted parameters are summarized in Table 1 . The RCcomponent of the bulk region originates from the geometrical characteristics of the diode; thus, this component mostly determined by the thickness of the active layer. Although the interfaces at the diode may change after EA, the thickness of the active layer of the diode cannot be significantly changed, indicating that the capacitance in the bulk region of the diode (C2) should be similar. The R4-C4 component of the diode after EA is similar to R2-C2; thus, R4-C4 can be assigned to the bulk region of the diode. Moreover, the improved current after EA indicates a reduced resistance. R5 is much higher than R2 and smaller than R3; thus, the R5-C5-Warburg component can be assigned to the pentacene/Al junction. 
IV. DISCUSSION
Based on the I -V characteristics, ToF-SIMS, and impedance spectra, we propose the mechanism of EA as depicted in Fig. 8 . After EA, two major changes are observed in the impedance spectra: the RC-component at the Au/MoO 3 /pentacene interface disappears and the Warburg element at the pentacene/Al interface appears. First, the disappearing RC-component at the Au/MoO 3 /pentacene interface indicates that the small energy barrier at this interface is reduced to a negligible level. The reduced turn-on voltage in the I -V characteristics also assists in reducing the injection barrier at this interface. From the ToF-SIMS data, MoO 3 diffuses into the pentacene layer, creating the pentacene:MoO 3 mixed layer. This mixed layer effectively increases charge injection by reducing the small potential barrier which causes the turn-on voltage of the I -V characteristics and the RC-component at the Au/MoO 3 /pentacene interface of impedance spectra. Therefore, we conclude that the device performance of the pentacene diode is improved by EA due to the creation of the pentacene:MoO 3 mixed layer. The proposed mechanism is different from previous reports, which was known to ionic impurity migration and reorientation of polymer chains, as summarized in Table 2 . Because of such a difference in mechanism, it can be applied to the high-purity thermal deposited materials. In addition, this uniform and thin pentacene:MoO 3 mixed layer cannot be formed by thermal evaporation. When the thin mixed layer was intentionally inserted between MoO 3 and pentacene using thermal evaporation, the mixed layer formed islands rather than uniform layer as shown in Fig. 9 . Moreover, this island structure affects the growth of pentacene, leading to the increase of pentacene roughness, resulting in high reverse-bias leakage current of the diode, depicted in Fig. 10 . Furthermore, the thin mixed layer which has gradual change in pentacene:MoO 3 composition ratio is hard to fabricate by thermal evaporation. Therefore, EA is the noble method to form the uniform, thin, and gradual pentacene:MoO 3 mixed layer.
Second, the Warburg element at the pentacene/Al interface appears after EA, providing evidence of a change at this interface. The Warburg element is used to explain VOLUME 7, 2019 the diffusion-recombination model of electrochemical systems [31] . However, Schottky diodes exhibit very small minority carriers so diffusion and recombination current is typically negligible [32] . Instead of a diffusionrecombination model, the Warburg element can also appear in a real system that has non-homogeneity. Porous and rough electrode surfaces can lead to frequency dispersion of the interfacial impedance, which can be described by an empirical distributed elements [33] . Various equivalent circuit models of rough electrodes such as a transmission line, V-shape groove, branched transmission line, and fractal shape have been suggested [34] - [36] . Among these models, we suggest that the creation of the Warburg element is attributed to the creation of Al rod-like structures that act as finite-length transmission lines, which is expressed as [37] - [39] Z FTL = r t r j 1 + jωr j c j coth (L r t /r j (1 + jωr j c j )), (4) where the r t is the series resistance per unit length, r j is the shunt resistance per unit length, c j is the shunt capacitance per unit length, and L is the length of the finite transmission line. The ToF-SIMS depth profiles indicate that Al penetrates into the pentacene layer. Because Al was deposited on the polycrystalline pentacene as shown in Fig. 8(a) , Al spikes are formed at the pentacene grain boundary. These Al spikes can induce higher electric field, facilitating the penetration of Al. Therefore, the penetrated Al may create rod-like structures that can be modeled as a finite-length transmission line as illustrated in Fig. 8(b) . As the surfaces of the Al-rod structures are parallel to the direction of the applied field, the corresponding depletion regions are not significantly shrunk even though the other depletion regions are shrunk when the voltage is applied to the diode. It implies that the r j is sufficiently high to ignore, resulting that (4) can simply be expressed as (3) . Therefore, the impedance of depletion regions surrounding the Al-rod structures can be considered as the Warburg element.
V. CONCLUSION
In summary, we improved the electrical performance of the pentacene diode and rectifier using EA. After EA, the turnon voltage of the pentacene diode in the rectifier was reduced and the current of the diode was increased without an increase of the reverse-bias leakage current. In addition, the cutoff frequency of the pentacene rectifier was increased. From the ToF-SIMS and impedance spectra, we conclude that the improvement of EA is due to the diffusion of MoO 3 into the pentacene layer, which increases charge injection. Because the MoO 3 is a common material for p-doping, this method can also be applied to organic electronic devices such as OPVs, OLEDs, and organic thin film transistors (OTFTs). 
